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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

ADVANCE COmE:

EXPERIMENTAL INVESTIGATION
OF A NEW TYPE OF
LOW-DRAG WING-NACELLE COMBINATION

By HE. Julian Allen and Charles W, Frick, Jr.
SUMMARY

-The results of an experimental investigation of two.
new-type low-drag wing-hacelle units suitable for use with
pusher propellers are given. The test data support the
fundamental design principles in indicating that

1. By making the nose of the nacelle and the leading
edge of the wing coincident, the transition
from laminar to turbulent flow at or near the
common nose is avoided; and

2. 3By proper. choice of the shape of the nacelle, the
minimum pressure point and the pressure gradi-
ent are such that transition is made %o occur
at or behind the transition point on the wing.

The drag increments due to these nacelles are reduced %o
from one-half to two-thirds of that of conventional na-
celle forms. s

The introduction of the nacelle on the wing

1. reduced the c¢ritical speced as estimated from sub-
critical pressure measurements;

2. 1increased the maximum 1ift coefficient of the unit;
and

3, produced no adverse effects on the 1ift and moment
characteristics.

The measured suberitical pressure distributions indi-
cate that the critical speced of the junction of such wing-
nacelle units, using the "superposition method" of refer-
ence 1, will be conservatively predicted. ‘



INTRODUCTION

In a boundsry-layer investigation of a typical wing-
fuselage combination (reference 2), it was found that at
points distant from the junetion of the wing and fuselage
surfaces the transition point was well back of the wing
leading edge. However, as the Jjunction was approached,
the transition point moved forward until at the surface
junctions tle transition point was at the leading edge of
the wing. It is evident that this forward movement of the
transition point promotes an increase in drag. This in-
crease 1s due, in part, to the fact that a portion of the
surface, which in the absence of the fuselage was sub-
jected to only the small shear of a laminar boundary
layer, is, in its presence, subjected to higher surface
shears accompanying the turbulent boundary layer. - More-
.over,’ the increased shear over the forward surface of the
airfoil promotes an increase in the boundary-layer thick-
ness at the minimum pressure point. This in tura has an
adverse effect on the recovery of pressure back of the min-
imum pressure point so that an additional pressure drag is
. experienced near the Jjunction of the bodies.

The drag increase will clearly not be serious for the
junction of a high fineness .ratio body, 'such as the usual
fusélage, with a wing having the conventional airfoil sec-
tions with their forward minimum pressure positions. How-
ever, for the combination of a low fineness ratio body,
such as an ordinary nacelle, with a low-drag wing, the drag
increase may assume considerable importance, Thls follows
because the forward movement of the transition at the Jjunc-
tion subjects a greater portion of the surface to the higher
shear accompanying turbulent flow, and because the adverse
gradient aft of minimum pressure point is of necessity
greater and the pressure recovery on both W1ngs and nacelle
near the junction is less complete.

A method for preventing such premature transition and
"~ the resulting interference drag is presented in this re-
port. Experimental results of an investigation of a com-
bination of a wing and short body of revolution designcd

to prevent such interference are presented. In the course
of the experiments, pressure distribution measurements were
made on the wing alone, at the w1ng—nacelle junection and
along the top and bottom meridian- of the nacelle. These
data for the w1ng—nacelle junction permitted a comparison
of the observed’ pressures at the Junctlon with those calecu-



lated by thc "superposition method" of reference 1, an ap-
proximate -method that is commonly employecd in . estimating
the eritical conmpressible speed at the Junctlon of two
bodies.

THEORY

Consider the midwing combination of an airfoil with a
body of revolution wherein the nose of the body of revo-
lution protrudes forward of the leading edge of the air-
foil. Progressing from the nose of the body along the sur-
face toward the leading edge of the wing, it 1s evident
that although the pressure falls aft of the body nose, it
must rise as the stagnation point on the leading edge of
the wing is approached. In consequenﬁe, the laminar bound-
ary layer which starts at the nose of the body thickens
unduly and becomes separated as it approaches the wing
stagnation point. In the usually important Reynolds num-
ber range this unstable separated laminar layer then degen-
erates into a turbulent boundary layer. A similar transi-
tion to turbulence occurs near the nose of the body for a
combination wherein the leading edge of the w1ng is forward
of the nose of the body of revolution,.

If, in such a combination, the nose of the nacelle
and the leading edge of the wing are coincident, then no
unfavorable gradient exists near the nose of either and
hence transition to turbulent flow at the common nose
should not -occur, Moreover, if the airfoil-and body of
revolution are properly matched so that in combination
the minimum pressures occur at the same chordwise station,
and the favorable gradients ahead of the minimum pressure
points are such as to maintain the same boundary layer
Reynolds number along the spanwise line of minimum pres-
sures, the resulting combination should maintain low drag
throughout the low-drag Reynolds number range for the wing
alone.

DESCRIPTION OF MODEL

To investigate the validity of this method for pre-
serving laminar flow at the junction and obtaining a low-
drag combination, the test of a specifiec wing-nacelle com-
bination was undertaken. The model selected was a simple
midwing combinatian of a typical low-drag alrf011 with a
short body of revolution,



- The NACA 35-215 airfoil, selected for the wing sec-
tion, was chosen because high Reynolds number free-~flight
data for this profile are available (reference 3). -It was
congidered that these data would allow prediction of the
probable performance of the wing-nacells unit in free
flight from a knowledge of test results, especially of the
1ow~drag Reynolds number range of the combination.

- The estimated wind-tunrecl turbulence and the maximun
tunnc’,speed indicated that a wing of 4-foot chord, the. or-
dinates of which are given in table I, would give an ef-.
fective Reynolds number range equivalent to the low-drag
range in some full-scale applicatlons of this profile.-

The wind-tunnel turbulence was found to be somewhat lower
than expected and the'surface conditions of the wing were
such that the maximum Reynolds numbers qttainable were
still in thé low-drag range.

. An analysis of the flight data of reference 3 indi-
cated that witi similar surface conditions, the low-drag
characteristics of this wing could be maintained at a
Reynolds number of 20 million (2 % 10?7}, Consideration of
a typiecal flight appl;catxon, assuming speecd (400 mph) and
altitude (20,000 ft) consistent with modern design, per-
mitted a wing chord of 8 or 9 feet. ALssuming an air-cooled
engine 4 feet in diameter, the ratio of nacelle diameter
to wing chord is one-half. The length was made one and -
onc-half times the wing chord for a propeller location 30-
percent wing chHord behind the wing trailing edge. Hence
the Ilneness ratio of the nacelle s870cted was 3- 1/3 '

atchlng of the nacelle of 3~ 1/3-finencss ratio with
the 35-215 w1ng was performed in such a manner as to glve

1. a minimum- prussure position oo—l/S percent of the
length from the nose "(coincident with -the minimum pressure
position on the wing when combined), and

2. a pressurc gradient ahead of minimum pressure such
as to give a gradient for the combination sufficiently fa-
vorable to promote cnopz‘o:s:i:lax‘se:l_y the same length of lami-
nar run as on the surface of the wing alone. It should be
clear that, for the co"hln tlon, the length of the laminar
run is prone to bs least in the immediate neighborhood of
the junction 6f the wing and nacelle surfaces. UThis follows
becausc the “crowaing” effect of the proximity of the sur-
faces of the strcamlines acts to incrcasc the boundary—
layoer thickness and tends to promote earlier transition to



turbulent flow. Accordingly, to determine the sultability
of a particular nacelle in combination with the wing, the
length of the laminar run at the Junction of the surfaces
only need be determined.

It was realized that the desired body. of revolution,
which when combined with the wing would meet these require-
ments, was one on which the maximum velocity should also
be reached at a point one-third of the body length aft of
the nose as measured along the axis. Moreover, the slope
of the velocity-distribution curve ahead of the maximunm
velocity point should have the following characteristiecs:

1. A positive slope for alil points ahead of the max-
imum veloclty point, |

2., A nearly constant slope from a point somewhat aft
of the nose to the maximum velocity position.

3, The slope over this section of the body should be
sufficiently favorable to permit the value of Rg for the
body of revolution at the maximum velocity position to be
not more than that for the wing at its maxlmum veloecity
position. This required the value of Rg 2/R1, for the body

of revolution at the maximum velocity position, as calcu-
lated by the method of reference 4, to be less’than c/L |
(that is, two-thirds) of the value of Rg®/R, for the wing
at its maximum velocity position., In the above, ¢ .is

the wing chord, I is the length of the body of revolu-
tion, R, 1is the wing Reynolds number based on the wing
chord and stream velocity, Ry Is the body Reynolds number
based on the body length and strean velocity, and Ry "is
the beundary-layer Reynolds number for the wing or body
boundary layer as the case may be, based on the boundary-
layer thickness and the local velocity outside the boundary
layer at the maxzmum ‘velocity position,

ExperlenCU indicated that such a nacelle shape would
be one generated by a source-sink system having a nearly
uniform distribution of sources up %0 the axial position
corresponding to the maximunm velocity point followed by
any not- toonabruptly changing distribution of sinks. Ac-
cordingly, a source-sink system having a uniform source
distribution up to the maximum velocity point followed by
a uniform sink distribution was condéidered, and the shape
and velocity distribution were calculated By the method of
reference 5, This velocity distribution satisfied suffi-
ciently the shape requirenents.



Using the superposition method of reference 1l for com-
bining velocities, the velocity distribution along the
wing-nacelle Jjunction was calculated and the value of
Rs°/R, was determined for the Jjunction. at the maximum ve-

1oc1ty gositzon on the assunption. that the two- dimensional
equation’ ?or Rg /Rc» as given in reference 4, applied.

This value was considerably less than for the wing alone,
so that it was believed that the adverse "ecrowding" effect
on the boundary layer at the Junction due to the prcximity
of the wing and nacelle, not considered. in the calculation,
would be ‘Very nearly conpensated for.

. Because this nacelle, when conbined with this typical
low-drag section, appeared to be a satisfactory combina-
tion, it was decided to classify this type of nacelle as

of "Series 1," this particular nacelle being the NACA
133.30. In thls systen of nomenclature, the first nunmber
of the first group repregents the series, the second two
numbers give the ninimum pressure position along the axis
in percent of the length, and the two numbers in the second
grouyp following the hyphen g~Ve the maximun diameter in
percent of the length.

Unfortunately, changing the general intensity of the
sources and sinks in a given source-sink system will pro-
note shapes differing not only in their thlckness ratios:
but also in their thickness distridbution. However, for
noderate changes 6f the source-sink intensity, the change
in the thickness distribution is small, so that this de-
vice may be used to obtain a first approximation to the
shape and velocity distribution for nacelles. of other
thickness . ratios. The shape and velocity distribution for
the NACA 133 18 nacelle was calculated as a first approxi-
mation by changing the general source-sink intensity..
Consideration of the difference. between.this "“near" shape
and the "true" shape determined a revised source-sink dis-
tribution which permitted, as a close second approximation,
the velocity distribution to be determined. Using the cal~
culated resgults for the 1l8-percent- and. 30~percent ~thick
nacelles, the velocity distributions over the 14-, 22-,
26~, and 34-percent-thick nacelles of this series were ob-
tained by interpolation or extrapolatlon . These results
are given in table II, : :

One of the nacelles investigated in these ‘tests is
the afore-mentioned NACA 133-30. . The ordinates of the
nodel are given in table III, and the wing-nacelle un;t is



shown in figures 1 to 3, inclusive. The ideal 1lift coeffi-
cient . of the NACA 35~ 215 profile occurs ag 2 wing angle
of 1.00° so that the wing was get at 1,00 inC1dence with
-respeect to the axis of the nacells. . 4
It was believed that the blunt tail of the Series 1 -
nacellamight incur an unnecessary increase in form drag.
Accordingly, it was decided to test & pointed-tail-model
nacelle having a similar velocity distribution to that for
the Series 1 nacelle., This was accomplished by building
the blunt-tailed nacelle-such that at a point along the
axis of revolution 60 inches from the nose the tail cone
‘eould be removed and a pointed-tail -cone, somewhat longer,
substituted. The second nacelle was designated as a Series
2 nacelle. This particular model nacelle designation was
by virtue of its increased length, NACA 230-28, The ordi-
nates of this model are given in table IV, and photo—‘
graphs of the resulting wing-nacelle unit are shown in fig-
ures 4 and 5. The wing incidence again was 1.,00° with re-
spect to the axig of the nacelle. ' o

By conmparison with the Serles 1 nacelles, the velocecity
distribution from the nose t0 a point somewhat aft of the
maximum velocity point was determined for this series of
nacelles and is given in table V along with the ordinates
of the shape. ’

The pressure orifices located in the wing were placed
along the surface so that when the nacelle was mounted on
the wing the line of orifices was 1/2 inch away from the
junction of the wing and the nacelle surfaces. The same
orifices sufficed for the pressure measurements on the wing
alone. Pressure orificcs were also provided along the top
and bottom meridian lines of the nacelle. In all cases
the pressure orlfices were O 020~inch &1ameter flush with
the surface.

‘Pressures over the nacelle 45° section and over the
wing 10 1inches outboard of the junction weére measured
with a singlée static tube "mouse."

DESCRIPTION OF APPARATUS.

Tests of the NACA 35-215 wing, the NACA 35;215 wing-
NACA 133-30 nacelle combination, and the NACA 35-215 wing-
NACA 230-28 nacelle combination were made in the 7- by



10=foot tunnel of the Ames Acronautical Laboratory. This
tunnel is of the closed-throat, rectangular-section, single-
return type, capable of airspeeds of 300 miles per hour.
The turbulence level of the air strcam and the surface con-
ditions of the model were such that low drag was obtained
at the maximum attainable Reynolds number.

The wing alonc¢ and ‘the wing-nacelle combination were
tested as "through" models. The 6-foot span of the wing
was mounted across the 7-foot dimension of the test see-~
tion, 6-inch span dummy ends being used to give two-
dimensional flow. Clearance of 1/32 inch betwcen dummy -
end and wing was maintained during all tests as this clear-
- ance was believed eritical in its effect on minimum drag

and maximum 1ift of the wing. .

, Spanwise drag surveys of the wing were made with a

mementum rake prior to actual test and the surface was
finished until aerodynamically smooth., Care was-taken to
preserve this surface for all free transition tests. A
half-inch-wide strip of No. 60 carborundum grains was used,
to fix transition in all tests designated "with fixed tran-
sition," -

Boundary-layer surveys and some pressure-~distribution
data were obtained by use of a "mouse" composed of five
total-head tubes and a single static tube. Pressure tubes.
from the "mouse" were taken into the wing through a small
hatch and conducted to a multiple-tube manometer through
a channel in the wing.: S e ‘

" TESTS AND TEST. RESULTS

The surface of the wing was finished until spanwise
wake surveys indicated that the section drag was constant
over the center 4 feet of the span. Further refinishing
‘did not reduce the drag at any secticon. A-check of the
ideal angle was made by wake surveys of -the drag at the
center of the span.

The results presented herein are based on a wing chord
of 4 feet, a wing area of 24 square feet, and a projected
frontal area of 2.58 square feet for the nacelle,

A1l test results excepting prossure distributions have
been corrected for the interference of the tunnel walls.



The effect of fluid compressibility on the interference

hag not been considered because, even at the highest Mach
numbers, the error is less than 0.0001 for the drag coeffi-
. clents and approximately one~half of 1 percent for the
1ift, moment, and angle of attack. The effect of the known
downstream pressure gradient -on the wing was negligible,
The corrected coefficients for the wing are obtained from
the following, the "primes indicating the test results:

cq = 0.977 e4°

°z‘ = 0.949 ¢,' .
 cmc/4 0.982 ¢, + 0.0081 ¢3!

@ - = .of % 0.29§ [dliléw4 cmc'/4] (d?g)‘
R‘ = . 1.009 R! "

M = 1,009 M!

The addition of the nacelle does net materially af-
fect the corrections except that the tunnel pressure gra-
dient ig no longer negligible. The drag results of the
- wing-nacelle unit are corrscted by

Cd = 0.977 Cd' + 0.0004

The other corrections remain the same.

Section characteristics of the 35-215 profile through-
~out the wing-angle range at a tunnel Reynolds number of
"5.75 million, are given on figure 6, The 1lift and quarter-
-chord-moment coefficients were computed from pressure dis-
tributions taken at the center of the span. The drag.coef-
ficients were computed. from wake surveys at the same posi-
‘tlon arf ter the pressure orifices were sealed.

The effects of the gap between the wing and dummy end
on the drag of the wing are shown in figure 7. Drag coef-
ficients, as measured by a force balance, are compared
with drag_coefficlents calculated from wake surveys at the
span center Xine. Botn sets of data were obtained at a
test Reynolds number of 5.75 million and are plotted against
wing angle of attack and force-test .1ift coefficient.

. The results of wake drag measurements at the center of
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the span throughout a test Reynolds number range of 1.5
million to 10 million at 0° 'IQ,_ZP, and 4° angles of at-
tack, are shown in figure 8 These tests were run simul-
taneously with force tests of ‘the wing -so that tares for
determining the drag increment due to the nacelle were:
obtained. C

_ The force- test drag coeffi cients are given in flgures
9 to 12, inclusive, for approximately O° 10, 27, and 4°
angles of attack, respectively. These flgures also show
force-test drag coefficients for the wing combined with
the WACA 133-30 nacelle and with the NACA 230-28 nacelle as
functions of the test Reynolds number. In addition, fig~
ures 9 and 10 show force-test drag coefficients for 0 and
1 for the wing, combined with the NACA 133-30 nacelle with
transition fixed with carborundum strips in the wing-
nacelle surface Jjunctions. These tests were run to simu-
late the drag experienced by such a wing-nacelle combina-
tionr when premature transition occurs in the surface Jjunc-
tions. The fransition fixing strips extended from the
nose in a 15 V shape along the Jjunction to about 15-
percent chord. From l5-percent to 40-percent chord, the
strips were of constant width. These results are desig-
nated "transition fixzed in Junctlon i

The drag-coefficient increment due to the nacelles,
derived from the results presented in figures 9 to 11, in-
clusive, but based on the nacelle progected frontal ares,
are given in figure 13 for 0°, 1°, and 2° as furnctions of
the test Reynolds number, Increment drag coefficients
with “tran31tion fixed in nose Jjunction" are also given
for 0° and 1°.

' Figure 14 presents the section drag coefficient for
-the wing alone and for the wing and NACA 133-30 nacelle

" combined, as obtained by adding the drag increment due %o

the nacelle, based on the wing arca,to the wing sectieén
drag. Drag coefficients for both are given as a function
of angle of attack, as well as section 1ift coefficient
for test Reynolds numbers of 4, 6, and 10 million.

The results of spanwise wake surveys are shown on fig-
ure 15, Those for the wing-nacelle (NACA 133-30) wezre
made at test Reynolds numbers of 5 and .10 million., 41l
spenwl se surveys of the wing were mada at a test Reynolds
~numbér of 8,5 million.

Results of force tests of the 1ift, drag, and monent
A\ R .
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throughcut the angle-of-attack range at a test Reynolds
number of 3,25 million are presented in figure 16, both for
the wing alone and the wing-nacelle (NACA 133-30). Similar
tests for the combination with the NACA 230-28 nacelle were
made but with negligible difference in results, Tests at
Reynolds numbers of 5 and & mlllion also showed minor 4if-
ferences., =

In order teo arrive at some idea of the spanwise vari-
ation of 1ift due to, the presence of the nacelle, 1ift
coefficients, integrated from pressure distributions taken
at the nacelle center line and nacelle wing juncture, are
plotted across the span on figure 17. Portions of the
curves were adjusted to give an average 1ift coefficient
for the span equivalent to_ that obtained in the force tests
prevzously mentioned (fig. 16)

Bxtensive boundary-layer surveys with a small "mouse"
were made at positions from 80-percent to 40-percent wing
chord on the wing alone for test Reynolds numbers of 1.5
to 10 million, Similar surveys were made for the wing-
nacelle (NACA 133-30) unit 10 inches outboard of the junc-
tion, in the wing-nacelle junction, on the nacelle 45
line, and on the nacelle top meridian. The variation of §,
the boundary-layer thickness, with test Heynolds number
at the wing ideal angle taken from the measured profiles,
is shown on figure 18 for the three survey positions.  The
theoretical variation of § with Reynolds number, calcu-
lated from experimental pressure distributions by the meth-
0d of Jacobs and Von Doenhoff (reference 4) is also given
for these p031t10ns.

Other boundary layer studies relatlng to the location
of the point of transition from laminar to turbuleant flow
were made with a mouse composed of a single-surface total-
head tube and a single static tube. The results of these
tests for the wing-nacelle (NACA 1332-30) are shown on
figures 19 and 20 for 0° and 1o wing angles of attack.

The location of transition across the span is indieated
for test Reynolds numbers of 2, 5, 8, and 10 million.

Pressure distributions over the wing throughout the
Aangle of-attack range were obtained at-a test Reynolds num-
ber of 5.75 million and Mach number of 0.,20.- These data
are presented -in uncorrected form in table VI, Other pres-
sure distrlbuti@ns over the wing were taken for 0°, 19,
V2°, and. 4° "angles of attack throughout a Reynolds number
range of 1.5 to 10 million but showed little variation
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with Reynolds number and consequently. are not given, The
pressure digstfibution for the wing at the ideal 1ift cor-
rected for Mach number is given on figure 21. - ° .

-+ Similar tests were made for the wing and NAGA 133-.30
‘nacelle combination, 'The pressures along the wing-nacelle
Junction are given in table VII for stations in percent
wing chord. These data are for a test Reynolds nunmber of
5.75 million and for a Mach number of 0.20. Pressures

over the nacelle top and bottom meridian are given in tabdle
VIII for stations in percent nacelle length for the same
Reynolds number and Maeh number. : -

" -Figure 22 presents the experimental velocity distridu-
tion over the 35-215 profile, as obtained from the pressure
distribution shown on figure 21, The theoretical velocity
distribution for the NACA 133-30 nacelle is also given in
terms of wing chord, The superposition method is applied
to prediet the velocity distribution for the wing-nacelle
Junetion for both upper and lower surfaces, The superposed
veloclty d130ributlons are shown by the daghed lines,.

Expenlmental veloc1ty distribution obtalned from pres-
sure measurement's in the wing-nacelle (NACA 133-30) june-
tion are compared on figure 23 with the veloeity distridu-
tion predicted by superposition, The experimental data
are given for Reynolds numbers of 5 million and 8.3 milllan.
. both corrected to zero Mach number so that only Reynolds
number varlation is shown.

To extend the better agreement foundat higher Reynolds
numbers to the ecritical Reynolds number, pressure-distribu-
tion tests of the wing-nacelle (NACA 133-30) junction, with
transition fixed spanwise at 0,.,5-~chord position, were made.
Results ‘of these tests, which showed no variation with
Reynolds number, are .given also -on figure 23,

DISCUSSION

A discussion of the results of the drag tests in fig-
‘ures 9 to 12, inclusive, necessarily must consider to what
extent placing a large nacelle on the wing will influence
the flow characteristics. caused.by'the gap between the-
wing and the dummy emds. Under certain conditions when
the effect of the gap on the w1ng drag is large, cspecial-
ly where the wing experiences a change in the flow regime
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as at 4° angle of attack, any variation in flow caused by
the nacelle may result in large changes-in the apparent
nacelle drag increment, In faet, at this angle at the
highest Reynolds numbers, as seen in figure: 12, the nega-
tive drag-coefficient increment, as determined by force
‘tests, was so large that when added to the wake-~measured
drag coefficient of the wing alone, the apparent drag to-
efficient, as seen in figure 14 was considerably less than
that for the wing alone. At 0° lo. and 2° angle the ef-
fect is congidered to be neollglble, except perhaps at the
higher Reynolds numbers where the increment due to the ad-
dition of the nacelle appears abruptly to become too small.

~ The increment drag-coefficient inerease, in terms of
the projected frontal area of the nacelle, at the ideal
angle of attack (approximately 1°) is seen in figure 13 to
vary from 0.021.at%t the lower test Reynolds numbers to prob-
ably 0.018 at the higher test Revnolds numhers. ‘At the ’
neighboring angles of attack of 0° and 1%, the increment
drag coefficients for both nacelles are seen to remain lowg
however, the NACA 230-28 nacelle at these angles appears
to be slightly superior to the NACA 133-30 nacelle.’ These
low-drag coefficients are entirely in keeping with the re-
sults of transition location measurements shown in figures
19 and 20, which demonstrate that premature transition %o
turbulent flow was prevented.

Transitlon measurements on the wing alone and on- the
wing-nacelle (NACA 133-.30) unit in the- junction indicated
that both would attain their lowest drag coefficients at
the same Reynolds number. PFrom the flight tcst results of
the NACA 35-215 airfoil given in reference 3, it is con--
sidered that the lowest drag coefficient for thls section
with the same surface conditions will occur at a Reynolds
number of approximately 22 million. Hence it .is concluded
that both wing-nacelle units with the same surface condi-
tions would also attain their lowest drag coefficients at
about this Reynolds number and that the corresponding in-
crement drag coefficient would be approximately O, 016 in
terms of the projected frontal area of nacelle.

Past experience has indicated that a fair value of the
drag coefficient of an airfoil at Reynolds numbers of the
order of 10 million may be found by considering the area
ahead of the minimum pressure point to have a drag coeffi-
cient per square foot of surface of 0.0005 when subjected
to laminar flow, and aft of minimum pressure 0,0034 when
subjeeted to turbulent flow, or to a separated laminar flow
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followed by turbulent flow. As an example such a method
would predict a drag coefficient of 0.0039 for the wing
alone, which is in excellent agreement with the results of
these tests. The same method would predict an increment
drag coefficient due to the nacelle -of 0.014,: based on the
projected frontal area of the nacelle, which isg in reason-
ably satisfactory agreement with the test results.

To determine the effect of premature transition on-the

drag, an attempt was made to "fix" transition at the 2-
.percent chord position aft of the leading . edge in the four
junctions of wing and nacelle (NACA 133-30) surfaces with
small spheres (approximately 3/16-inch diameter) affized %o
the surface. The effect on the drag. coefficient in terms
of the plan form area was about 00,0004 and it.was conclud-
ed that, because of the markedly favorable pressure gradi-.
ent in this vieinity, perhaps these balls had not reversed
the local pressure gradient sufficiently to promote tran-
sition to turbulent flow. -Accordingly, the balls were re-
“placed with stpips of carborundum-coated cellophane tape
spread in a 15 V (approximately the “mixing length" an- -
gle} in the four corners and running about l5-percent-chord
in the direction of the air flow. This increased the drag
coefficient about 0.0010. .An attempt was made to deter-:
mine whether or not trangition had been fixed at the nose
by these strips but, because of the thin boundary layer in.
the favorable pressure gradient, the boundary-layer profile
‘could not be measured accurately enough to-gllow any con-
clusions to be reached. Finally the carborundum .strip was
extended to 40-percent chord, The effect on the drag is
shown on figures 9, 10, and 13 on the curves marked "wing

+ NACA 133-30 nacelle with transitibon fixed in junction."
Experience has shown carborundum to be an. effective means
“for fixing transition but this experience has been obtained
from experiments on two-dimensionzl bodies having only mod-
erately favorable pressure gradients. In consequence it
cannot be stated definitely whether or not transition was
fixed -at or very near the beginning of the jurction with
the carborundum V strips. The failure of the spheres and
the carborundum strips to inerease the drag appreciably may
be due to the peculiar three-~dimensional flow 1n the Jjune-
tion, which is not well understood.

Boundary-layer “cross flow)" a phenomenon of consider-
~able interest which was observed in these tests, arises in
the following manner. The pressures near the wing-nacelle

junction are lower than at corresponding spanwise points

on the wing sections distant from the nacelle. In conse-
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quence the low-~velocity boundary-layer air near the surface
is caused to flow toward this region of lower pressure.
This cross flow will be more pronounced the thicker the
boundary layer and will be most marked for separated bound-
ary layers whiech, per se, are subject to negligible shears
in the flow direction. The wake surveys of figure 15 show
the existence of the cross flow, which is secen to be most
severe at the lower Reynolds numbers where the separated
boundary-layer region aft of minimum pressure is most e X~
tensive,

It should be noted that when inter-boundary-layer
cross flow exists, the wake method does not permit seetion
drag characteristics to be obtsined, since the wake under
such conditionsg may inelude boundary-layer air from neigh-
boring sections on the one hand or, on the other hand, may
not include all the boundary-layer air from the section
under consideration, That this occurred in the present in-
vestigation 1s shown in figure 15, wherein the apparent
section drag coefficients of the sectlons immedlately ad-
Jacent to the nacelle are absurdly low.

It is considered that inter-boundary-layer cross flow
ig also responsible for the fact that the maximum 1ift co-
efficient attained by the wing-nacelle unit is higher than
for the wing alone as shown by figure 16. The pressure-~
distribution measurements showed that the 1ift on the na-
celle and at the wing-nacelle junction did not. account for
the increase as seen in figure 17. It follows that the
ocutboard airfoil sections attained higher maximum 1ift co-
efficients in the presence of the nacelle which would in-
dicate that the cross flow in effectively prOV1ding
boundary-layer control by draining off the low-energy bound-
ary layer on the upper surface of the outboard sections im-
proved the maximum 1ifé¢ of ‘these sections. ,

. Boundary-layer surveys indicated that on the w1ng
alone and en the top meridian of the nacelle the laminar
profiles were of the Blasius type. At the wing junction
the prefiles were not of the usual shape in that sonme
slight influence of fluid friction extended far out from
the surface. This was to be expected, since in progress-
ing away from the surface of the wing (or nacelle), while
the influence of the wing (or nacelle) surface abates “the
influence of neighboring nacelle (or wing) surface remains.
It was not considered that any of the measured profiles
would be of sufficient interest to warrant their inclusion
in the report.
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-As seen in figure 18, the measured boundary-layer
thicknesses on the wing alone and on the top meridian of
the nacelle agree well with those calculated by the method
of reference 4, The boundary layer in the Jjunction is, as
would be expected, considerably thicker than on the wing.
alone. Moreover, this boundary layocr appears to be con-
siderably more stable than the usual wing laminar’ beundary
‘layers which may be a result of the "guiding" influence of
the V. surface. Unfortunately the model Reynolds number
could not be made high enough to study the aerodynamic
characteristics with natural transition ahead of the min-
imum pressure point

. The curves of figures 6 and 16 indicate that for this
airfoil section, with the wing alone and perhaps the wing-
nacelle unit, a slight shift in the moment coeffiecient ace
comparnies the transition from the low-drag to the higher-
drag attitude, but this shift is in the opposite and favoer-
able direction to that usually experienced on low-drag
airfoils with minimum pressure farther back along the cheord.
This small moment shift was practically the same at all
test Reynolds numbers. No accompanying shift in the curve
of '1ift agalinst angle of attack was apparent "as seen in
these figu*es. »

Within the small range of test Mach numbers available
the ealculated effect of fluild compressibility on the
pressure distribution over the wing alone, as given by the
von Kdrmidn-Tsien equation (reference 6), as well as the
less exact Glauert-Prandtl relation (reference 7), was
found to satisfactorily explain the observed dlfferences
in the d1atr1butions within the experiméntal accuracy.

By the "method of small‘perturbations" (refdrence 6),
it has been shown that the Glauert-Prandtl relation should
apply as well to three-dimensional bodies. The experi-
mental pressure distributions alonz the wing-nacelle junce
tion shown in figure 23, which have been so corrected, do
not precisely coincide. It is considered that this dis-
crepancy is again a result of intoer-boundary-layer cross
flow. The lower surface pressures occur at the lower
Reynelds numbers since then the cross flow 1s greater, so
that the effeetive thickness ratioc is less. That this
would appear to explain the &iscrepancy is shown by the
fact that by fixing the transition at clese to the 0.5~
chord position, the measured pressures were further die-

-~ minished. - Lt .
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On figure 23 the Jjunction pressure distribution cal-
culated by the "superposition method" of reference 1,
based on the theoretical nacelle and experimental wing
pressure distributions, is shown. This caleculated ‘distri-
bution, based on relatively crude assumptions, is seen to
be in reasonably good agrecement with the measured pressures.
The discrepancies that exist are seen to be largely the
result of the inter-boundary-layer cross flow. These re-
sults indicate that the use of the superposition method in
predlctlng‘the critical Mach number will yield a conserv-
ative estimate,;, and that the estimate will be satisfactory
if transition to turbulent flow gccurs at or. :slightly aft
of the minimum pressure position. In the present instance
the predicted critical Mach number based on the calculated
minimum pressure is 0.57, based on the experimental mini-
mum pressure with transition fixed at 0.5 chord is®0.58,
and bPased on the experimental minimum pressure with tran-
sition free at 8.3 million Reynolds number is 0.59., The
tendeney to low eritical Mach numbers is unforiunately a
characteristic of these low~drag wing-nacelle units as
the minimum pressure positions of the wing and nacelle
are purposely made coincident. The gituation is aggravat-
ed in the present instance by the low-fineness ratio of
the nacelle but it is anticipated that such low-fineness-
ratio nacelles will in general be employed only for pusher-
propeller engine units, in which case air induction at
the nose will serve to reduce the maximum negative pres-
sure and so increase the critical Mach number. A model
wing engine nacelle unit suitable for pusher-propeller in-
stallation is under construction for test in the 7- by
10~foot tunnel, This model, equipped for nose air induc-
.tion, is similarly designed to prevent premature transi-
tion to turbulent flow in the wing-nacelle junctions. It
"is planned to measure the junction pressure distributions
so as to obtain gquantitative results on the effect of in-
ternal air flow on the. critical Mach number.

-

CONCLUSIONS

. The results of the tests of these wing-nacelle units
show that

1. By making the nose of the nacelles and the
leading edge of the wing coincident, the transition
from laminar to turbulent flow at or near the common
nose may be avoided; and
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2. By so shaplng the nacelle that the chordwise
location of the minimum pressure point on the nacelle
is coincident with that for the wing, and by making
the pressure gradient ahead of the minimum pressure
point sufficiently favorable, :

transition may be maintained at or bvack of the spanwise
line of minimum pressures up to as high Reynolds nunmbers

as for the isolated wing. In consequence, the drag incre~
ment due to the nacelles is reduced to from one-half to
two-thirds of that for the usual nacelle form wherein these
conditions are not fulfilled. ’

The introduction of the nacelles on the wing

1. reduced the crvtlcal speed as estimated from
suberitical pressure ‘measurements,

2. .made possible an increase in the maximum 1ift
coefficient of the unii, and

.3. produced no adverse effects on the 1ift and
guarter—-chord moment characteristics.

The measured suberitical pressure distributions indi-~.
cate that the critical speed of the Jjunction of suchk wing-
nacelle units, using the superposition method of reference
1, will be conservatively predicted.

thér experimental investigations (reference 2) of
nose openings for alr induction in low-drag bodies haVe
shown that provided such openings are properly formed, the
low~drag properties of the body may be maintained. Hence
it is concluded that this method for maintaining low drags
at the Jjunction of two aerodynamic bodies may be applied
generally to wing-nacelle units with nose opsnings (pusher
propeller engine units, military armament) as well as with-
out noseropenings (landing ﬁears)

Becausc of the high turbulence lbvel in & propellex
sllpstream it is not considered that this method for main-
taining low drags may be applied to wing-nacelle combina—
tions housing tractor propeller engine units.

The drag of the wing-nacelle unit was, in the present
instance, largely accounted for by the frictional drag of
the laminar- and turbulent-flow areas. It would accord-
ingly appear advisable when housing a propulsion unit or a
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landing-gear unit, for example, to provide separate na-
celles for each (compr6331b111ty effects permlttlng)
rather than to lengthen one nacelle to provide housing for
both units. The former method, providing the least turbu-
lent area eveq though the toual area is greater, should
produce the least drag.

Anes Aeronautieal Laboratory,
National Advisory Committee for Aecronmautics,
Moffett Field, Calif.
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TABLE III

Ordingtes of NACA 133-30 Nacelle

' x

Distance along

r

center line Radius

Percent L Inches Percent L Inches

0 0 0 0
1.250 0.90 3.318 2.39
2.500 1.80 4,680 3.37
5.000 3,60 6.598 4,75
7.500 5.40 8.043 5.79
10.000 7.20 9.238 6.65
15,000 10.80 11,164 8,04
20,000 14,40 12.656 9.11
25.000 18,00 -13,789 9,93
30.000 21,60 14 .573 10.49
35,000 25,20 15,002 10.80
40,000 28,80 15,098 10.87
45,000 32.40 14,919 10.74
50,000 36,00 14 .%32 10.48
55,000 39,60 13,991 10.07
60,000 43,20 13,329 9.60
65.000 46,80 12.563 9.05
70.000 50.40 11.697 8.42
75.000 54,00 . 10,725 7.72
80,000 57 .60 - 9,626 6.93
85.000 61 .20 8.360 6.02
90.000 64 .80 6.841 - 4,93
95.000 68.40 4.846 3 .49

100.000 72.00 0 0
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Figs. 22,23
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